In neurons, microtubules form dense bundles and run along the length of axons and dendrites. Occasionally, dendritic microtubules can grow from the shaft directly into dendritic spines. Microtubules target dendritic spines that are undergoing activitydependent changes, but the mechanism by which microtubules enter spines has remained poorly understood. Using live-cell imaging, high-resolution microscopy, and local glutamate uncaging, we show that local actin remodeling at the base of a spine promotes microtubule spine targeting. Microtubule spine entry is triggered by activation of N-Methyl-D-aspartic acid (NMDA) receptors and calcium influx and requires dynamic actin remodeling. Activity-dependent translocation of the actin remodeling protein cortactin out of the spine correlates with increased microtubule targeting at a single spine level. Our data show that the structural changes in the actin cytoskeleton at the base of the spine are directly involved in microtubule entry and emphasize the importance of actin-microtubule crosstalk in orchestrating synapse function and plasticity.
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In Brief Sch € atzle et al. identify a mechanism by which synaptic activity regulates microtubule entry into dendritic spines. Microtubules preferentially target spines that are undergoing actin reorganization in an activity-regulated manner. The authors show that structural changes in the actin cytoskeleton at the base of the spine promote microtubule entry.
INTRODUCTION
Microtubules are critical structures for stable neuronal morphology. They can serve as tracks for cargo transport, provide dynamic and mechanical functions, and control local signaling events [1] . In dendrites, microtubules polymerize from their plus ends along the length of the dendrite in both anterograde and retrograde directions [2] . Equal numbers of opposing microtubule orientations throughout the dendritic processes have been reported in vitro and in vivo [3] . Occasionally, microtubules can polymerize from the dendritic shaft directly into dendritic spines [4, 5] . Even though microtubules enter spines spontaneously, subsequent studies have shown that these microtubule invasions of spines are regulated by synaptic activity. Recent work has shown that microtubule invasion frequency increases after induction of chemical long-term potentiation (cLTP) [6] . In contrast, applying a paradigm that induces chemical long-term depression (cLTD) results in a loss of microtubule dynamics in dendritic spines [7] . However, the mechanistic link between neuronal activity and microtubule entry into spines remains largely unclear.
Dynamic microtubule entry in dendritic spines has been thought to contribute to processes related to synaptic maintenance and plasticity. For instance, recent data showed that microtubules entering dendritic spines provide a direct route for microtubule-based, motor-driven transport of selective synaptic cargo into spines [8] . Under basal conditions, the frequency of microtubule-spine invasions is relatively low, making actinbased transport a more generic way of driving cargo trafficking in spines. For example, it has been shown that endoplasmic reticulum and recycling endosomes use myosin V motors to enter spines [9] [10] [11] . However, kinesin-3 family proteins (KIF1A and KIF1C) can act as microtubule-base motors that transport cargo along newly polymerized microtubules directly into spines [8, 12] . The mechanism by which microtubules enter dendritic spines has remained poorly understood. In this study, we investigate which processes regulate microtubule entry into spines.
RESULTS

Microtubules Enter Dendritic Spines in Cultured Neurons and Organotypic Slices
The invasion of dendritic spines by dynamic microtubules was recently shown in developing neuron culture systems [4] [5] [6] 13] . Using a lentivirus-based inducible expression system, we demonstrate microtubule entry in spines in mature rat dissociated hippocampal neuron cultures (up to day in vitro 45 [DIV45]) and in dentate gyrus granule cells of organotypic mouse hippocampal slice cultures ( Figure 1A ). We observed frequent microtubule invasions in spines in both culture types and at different stages of maturation, indicating that this phenomenon is not limited to a transient phase during development ( Figure 1B ). The average spine entry frequency in slices was about half of the observed value for dissociated neuron cultures ( Figure 1B) , which is partially explained by a higher spine density compared to the number of dynamic microtubules in granule cells ( Figures  1C and 1D ). We found that microtubules grew over remarkable distances before entering a spine ( Figure 1E ). This was even more pronounced in slice cultures, where 25% of all spine entries were preceded by growth episodes of 20-50 mm. Furthermore, a considerable number of comet traces crossed the acquisition borders in time and/or space, which means that the actual length of many comets was actually underestimated. This observation is in conflict with a recent publication where it is reported that microtubules travel short distances before spine invasions [14] . This discrepancy could be explained by the limited z-resolution of total internal reflection fluorescence (TIRF) microscopy used in the aforementioned study. The bidirectional polarity of growing microtubules in dendrites [3] could entail that one orientation is preferential for spine entries. However, the polarity of microtubules entering spines ( Figure 1F ) was identical to the orientation of the total dynamic microtubule population ( Figure 1G ). Consistently, microtubules of opposed polarity did not show differences for the covered distances before spine entries ( Figure 1H ) and spine entry probabilities ( Figure 1I ). These data demonstrate that the polarity of microtubules is not a determinant factor for the targeting of dendritic spines ( Figure 1M ).
Spines Are Hotspots of Microtubule Catastrophes in Mature Dendrites
The growth and shrinkage of microtubules is controlled by a variety of regulatory proteins that interact with the plus-tip or the microtubule lattice [15] . In slice cultures, the majority of microtubule catastrophes were not followed by a microtubule rescue event (see, for instance, the kymograph in Figure 1K ). As spine entries always result in a microtubule catastrophe, we asked to which extent this scenario accounts for the termination of microtubule growth in the dendrite. Based on kymographs, we identified microtubule catastrophes in slices and analyzed whether these occur within the dendrite or in spines ( Figures 1J and  1K) . Surprisingly, more than 40% of the microtubule catastrophes could directly be associated with entries in spines (magenta circles in Figure 1K ). However, this number reflects only spine entries identified in x,y dimensions because we limited imaging to a few z-planes to capture the rapid dynamics. We therefore applied a z-correction factor that was determined by the assumption that spine entries cannot be resolved if the spine is more than ±60 degrees out of the imaging plane. This correction increased the proportion of catastrophes occurring in spines to more than 60% ( Figure 1L ), suggesting that spine entries may represent the default pathway of terminating the growth of dynamic microtubules in mature neurons.
Increasing Dendritic Calcium Levels Increase Microtubule Entries in Spines
Previous studies in dissociated neurons suggest a regulatory effect of synaptic activation on spine invasions by microtubules [6, 7, 14] . To verify this in slices, we applied pharmacological treatments that modulate the pattern of synaptic activation in hippocampal slice cultures and analyzed microtubule dynamics in spines. Although decreasing (tetrodotoxin [TTX]) or increasing (picrotoxin [PTX]) network activity did not affect spine entry frequencies in slices, we observed a small but significant decrease using low concentrations of 3,5-Dihydroxyphenylglycine (DHPG), known to induce chemical LTD in slices (Figure 2A ). The most striking effect was found after application of the muscarinic agonist methacholine (MCh). Cholinergic stimulation has been used by several groups to induce LTP in hippocampal slice cultures and acute slices via G-protein-coupled release of calcium from inositol triphosphate (IP 3 )-sensitive stores [16, 17] . Following methacholine stimulation, we observed a doubling of spine entry events compared to control conditions (Figures 2A-2C ; Video S1). Interestingly, TTX-induced blocking of action potentials did not abolish the potentiating effect of methacholine, suggesting that the MCh-induced increase of intracellular calcium is sufficient to increase microtubule invasions in spines (Figures 2A and 2C ). We did not observe a significant change in microtubule dynamics and density as a result of the MCh stimulation protocol ( Figures 2D and 2E ). Our data are in agreement with a recent study demonstrating an increase of microtubule invasions in spines of dissociated cultures after stimulation with a glycine-based chemical LTP protocol [14] . To confirm the role of dendritic calcium levels in this process, we applied brief local application of N-Methyl-D-aspartic acid (NMDA) on TTX-silenced neuron cultures ( Figure 2F ). Quantifications of spine entry frequencies before and after application revealed a significant increase following NMDA-induced increase in calcium levels ( Figure 2G ). Together, these experiments suggest that intracellular calcium is involved in the regulation of spine targeting by microtubules.
Regulation of Spine Targeting on the Level of Single Synapses
To our knowledge, all previous studies addressing the effects of synaptic activity on microtubule dynamics in spines were performed using global stimulation protocols. The abovedescribed local NMDA applications were our first attempts to target individual synapses. However, recordings of calcium dynamics showed that the majority of synapses within the field of view became activated, and NMDA stimulation evoked calcium waves extending throughout the dendrite. To activate only a small population of synapses along a dendrite, we performed glutamate uncaging on cultured neurons. Two-photon uncaging in slice cultures is associated with an NMDA-dependent increase in spine size [18, 19] . We used spine growth as readout of successful single-photon glutamate uncaging in our neuronal cultures. Spines close to the uncaging region showed an almost 2-fold increase in size, whereas distant control spines were unchanged ( Figures 3A-3D ). Additional control experiments demonstrated that the spine size changes were not a direct result of the 355 nm laser excitation but depended on the activation of NMDA receptors ( Figure 3C ). Next, we combined the uncaging protocol with subsequent recording of microtubule dynamics (Figures 3D and 3E; Video S2). Quantifications of microtubule invasions showed that the microtubule (MT) entry frequency on activated spines was almost two-fold increased when compared to distant spines ( Figure 3F ). Uncaging in the presence of 2-Amino-5-phosphonopentanoic acid (APV) resulted in a lower invasion frequency, which was similar to distant spines. As an alternative quantification, we determined the spine entry frequency relative to the distance to the uncaging center, which confirmed that spines in close proximity to the uncaging region were more frequently targeted than more distant spines ( Figure 3H ). This effect was absent when APV was applied.
The spine-entry-promoting effect could be observed starting from 1 min after the end of the uncaging stimulus and lasted for about 3 min ( Figure 3I ). Although these uncaging experiments strongly suggest that local activation induces local targeting, our approach could not indisputably resolve the activation state of individual spines. To overcome this, we combined the uncaging experiments with a readout of the NMDA-evoked calcium transients. A fusion construct of Lifeact and GCaMP6s resulted in a highly specific indicator for calcium signals in spines. The combined recording of calcium signals and microtubule dynamics (Figures 3J and 3K; Video S3) showed a strong correlation between activated spines and microtubule targeting events in the uncaging experiments ( Figure 3L ). Both approaches to identify activated spines showed similar numbers ( Figures 3G and 3M ). In summary, the activation of a small number of dendritic spines using glutamate uncaging yielded direct evidence for a coupling between synaptic activation and increased probability of targeting by dynamic microtubules on the level of single spines.
Microtubule Targeting in Spines Depends on Actin Remodeling
The actin cytoskeleton in spines is a major downstream target of activity-induced plastic changes at synapses [20] . To determine whether actin plays a role in microtubule entries in spines, we pharmacologically interfered with actin dynamics. We monitored spine size and actin in neuron cultures expressing the actin marker Lifeact in control conditions and after incubation with the actin-stabilizing drug jasplakinolide. The treatment did not increase spine size but reduced actin-based motility of the spine heads [21] ( Figure 4A ). Interestingly, microtubule entries in spines were strongly increased by jasplakinolide, whereas the total number of comets remained stable but the relative comet density decreased (Figures 4A, 4B, and S2A-S2C). In contrast, disruption of actin structures with latrunculin B induced a significant decrease of spine entry frequency in dissociated neurons (Figure 4B ). We found similar results in slice cultures, in which jasplakinolide also increased spine entry frequency ( Figure 4C ). Remarkably, the methacholine-induced potentiating effect on spine entry in slices ( Figure 2A ) was completely abolished in the presence of latrunculin B ( Figure 4C ). These data demonstrate a clear involvement of actin in the microtubule invasion of spines.
control: n = 26 spines). Middle graph represents a control condition in which the light pulse is applied in the absence of caged glutamate (targeted: n = 9; control: n = 9 spines) and right graph shows the uncaging experiment in the presence of the NMDA receptor blocker APV (targeted: n = 10; control: n = 11 spines). Error bars indicate SEM. The localization of endoplasmic reticulum (ER) in spines is another actin-dependent process [11] that is affected by synaptic activity [22] , reminiscent of our microtubule spine invasions. As microtubule plus-tips can interact with the ER [23] , we wondered whether growing microtubules were guided into spines by following previously established ER structures. To address this possibility, we overexpressed a dominant-negative myosin Va construct in dissociated neuron cultures to disrupt spine targeting of ER. Although we noticed a more than 5 times reduction of ER-positive spines in these experiments, there was no effect on the microtubule spine entry frequency ( Figure S1 ), indicating that microtubule invasions occur independent of ER in spines.
End-binding proteins (EBs) recognize growing microtubule plus-tips and could be involved in the microtubule spine-targeting process through specific protein interactions via their acidic C-terminal tail region [15] . We therefore tested whether only disrupting these EB3 interactions would interfere with microtubule spine invasions. We observed full rescue of spine targeting after endogenous EB3 depletion and expression of EB3-CDAC (Figure 4D) , putting forward the idea that microtubule-actin interlinking proteins are not directly required in this process. Control experiments with co-expression of EB3 short hairpin RNA (shRNA) and the MT+TIP marker did not allow recording of microtubule comets, indicating strong depletion of endogenous EB3. Next, we investigated whether the knockdown of specific actin interacting and/or regulating proteins affects the targeting of spines by microtubules. Cortactin, myristoylated alanine-rich C-kinase substrate (MARCKS), and myosin IIb represent important regulators of actin dynamics in spines [24] [25] [26] , whereas drebrin and microtubule actin cross-linking factor 2 (MACF2) were chosen due to their ability to directly interact with actin and growing microtubule plus-ends [27, 28] . Lentiviral-induced RNAi of the actin-interacting candidate proteins differentially affected spine morphology and density ( Figures 4E and S2E) . Interestingly, only the knockdown of cortactin resulted in a significant effect on microtubule spine entry frequency in dissociated neuron cultures ( Figure 4F ). To exclude potential off-target effects of the used cortactin-shRNA, we performed rescue experiments using a knockdown-resistant version of cortactin, which resulted in a comparable spine entry frequency as in control conditions (Figure 4G) . Pharmacological blockade of the cortactin downstream target Arp2/3 complex (CK-666), as well as inhibition of upstream Src kinase (PP2), resulted in a significant decrease of spine targeting by microtubules ( Figure 4H ) [29] . The involvement of the actin regulator cortactin suggests that the actin cytoskeleton per se may facilitate microtubule spine targeting and that actin-microtubule interactions may be of less importance. An activity-dependent redistribution of cortactin and/or the underlying actin remodeling [24, 29, 30] may be linked to a role for cortactin in activity-dependent targeting of microtubules to spines. Using glutamate uncaging in combination with cortactin knockdown, we found a significant reduction of microtubule spine targeting, confirming the importance of cortactin-regulated actin dynamics in promoting spine entries ( Figures 4I and 4J) . Although overexpression of exogenous cortactin alters spine morphology, microtubule spine targeting and cortactin redistribution after glutamate uncaging is observed (Videos S4 and S5).
Actin Remodeling at the Base of the Spine Actin dynamics have been extensively studied in the spine head but relatively little data exist about actin remodeling at the base of the spine. Electron microscopy has demonstrated a branched actin network at the base of the spine, which often overlapped with microtubules at the intersection between the spine neck and dendritic shaft [31] . We reasoned that the base of the spine is an important area for guiding microtubule entry into spines, and we analyzed actin dynamics at single spine level in greater detail. Glutamate uncaging-induced stimulation of spines in control neurons markedly increased actin fluorescence intensities (Lifeact) in spine heads and at the spine base ( Figure 5A ). Interestingly, the knockdown of cortactin significantly blocked the actin increase at the spine head and spine base in response to stimulation (Figures 5A-5C and S3; Video S6). These data suggest that the reduction of microtubule entries in spines observed after knockdown of cortactin ( Figures 4E and 4F ) may result from disturbed actin dynamics at the spine base. To test whether microtubule entries in spines correlate with actin dynamics at the base of the spine, we recorded actin dynamics in neuron cultures under baseline conditions. We frequently observed increased actin dynamics at the base of spines that were invaded by microtubules in the analyzed time lapses (Figures  5D and 5E ; Video S6). Analysis of the signal intensities for actin and dynamic microtubules confirmed these observations (Figures 5F and 5G) . Quantifications of the live-imaging data demonstrated that 77% of the invaded spines exhibit increased actin dynamics at the spine base ( Figure 5H ). Using the same quantification criteria, we found that 40% of all spines showed actin dynamics at the spine base ( Figure 5I ). By combining both quantifications, we found a significant association between microtubule entries and actin dynamics at the spine base (*p < 0.001; Fisher's exact test).
Consistent with the live-imaging data, single-molecule reconstructions of endogenous actin, using purified Lifeact, revealed actin structures and cables at the base of a subset of spines [32, 33] (Figure 6A ). These structures could also be observed with direct stochastic optical reconstruction microscopy (H) Quantification of MT+TIP spine entries in control conditions (DMSO) with Arp2/3 complex inhibitory drug CK-666, and Src inhibitory drug PP2. **p < 0.01; ***p < 0.001; one-way ANOVA with post hoc Dunnett's test; DMSO: n = 14; CK-666: n = 18; PP2: n = 15 dendrites. (dSTORM) imaging of labeled Lifeact-Myc after expression in neuronal cultures ( Figure S4A ). To further investigate whether cortactin can potentially influence actin dynamics by directly localizing to the spine base, two-color super resolution was performed. This revealed that expressed cortactin frequently colocalizes with the observed actin structures at the spine base and in the spine head ( Figures 6B and S4B) . Together, our results suggest that increasing the dynamics and remodeling of a specialized actin organization at the base of the spine enables microtubule entry into spines. 
DISCUSSION
Here, we have identified a mechanism by which synaptic activity locally regulates microtubule entry into spines. We found that microtubule-spine entry is regulated by NMDA receptor activation and calcium influx and that actin remodeling is directly involved in microtubule entry. Our data demonstrate that structural changes in the actin cytoskeleton at the base of the spine allows for microtubule entry.
Microtubule Spine Entry Is Triggered by Activation of NMDA Receptor and Calcium Influx
We used a lentivirus-based inducible expression system of fluorescently labeled microtubule plus-ends combined with fast live-cell imaging to examine microtubule entry in dendritic spines in mature neurons in dissociated cultures and in organotypic hippocampal slices. Our findings demonstrate that microtubule entry into spines not only occurs in a transient episode during neuronal development but that it is very common and perhaps even the default pathway for terminating dendritic microtubule growth in adult neurons. We found that at least 40% of the microtubule catastrophes is directly associated with entries in spines under baseline conditions. Anterograde or retrograde growing microtubules did not show differences in spine entry probabilities, indicating that the polarity of microtubules in dendrites is not a determinant factor for the targeting of dendritic spines. Previous studies in dissociated neurons suggest a regulatory effect of synaptic activity on microtubule spine entry [6, 7, 14] . To investigate whether synaptic activity correlates with microtubule spine entry at the level of individual spines, we applied pharmacological treatments that modulate the pattern of synaptic activation in hippocampal slice cultures and analyzed microtubule dynamics in spines. We found that microtubule spine entry frequency was strongly increased following cLTP protocols that increase intracellular calcium levels. In addition, using glutamate uncaging in neuron cultures, we showed direct evidence for a coupling between NMDA-dependent synaptic activation and increased microtubule targeting on the level of single spines. Together, these data indicate that dynamic microtubules preferentially target dendritic spines that have recently experienced NMDA receptor (NMDAR)-mediated calcium increase.
Local Actin Remodeling Links Synaptic Activity and Microtubule Spine Entry
Calcium influx through NMDA receptors has been shown to alter the actin dynamics within dendritic spines [20] . Previous findings suggested that the microtubule plus-end binding protein EB3 through the interaction of microtubule actin-associated protein drebrin is involved in dendritic spine entries [14] . These conclusions are largely based on drebrin-overexpression experiments, where increased levels of drebrin promote microtubule invasion frequency and the number of spines invaded by microtubules [14] . Super-resolution microscopy imaging revealed that actin filaments at the spine base extend throughout the dendritic shaft. Consistent with microtubule-actin cooperation in various other cellular processes [34] , it is possible that the actin filaments directly guide the entry of microtubules in dendritic spines. Our data also indicate that EB3 knockdown can be rescued by an EB3 construct lacking the C-terminal SxIP binding site. These results indicate that SxIP-mediated interactions between microtubule plus-ends and components of the actin cytoskeleton are not required for microtubule spine targeting. Therefore, we propose a model in which structural changes in the actin cytoskeleton at the base of the spine are through steric interactions rather than specific protein-protein interactions involved with microtubule entry ( Figure 6C ). In this way, activity-dependent remodeling of the actin cytoskeleton at the base of the spine may allow for regulated microtubule targeting. Obviously, actin-binding proteins remodeling the actin cytoskeleton are indirectly involved. An increase in actin dynamics at the spine base has also been observed using glutamate uncaging combined with actin photoactivation [35] . In approximately half of the stimulated spines, an outflow of actin and release of actin filaments from the spine head into the dendritic shaft was observed [35] . These data are consistent with an activitydependent redistribution of cortactin [24, 29, 30] and the interpretation that local actin remodeling facilitates microtubule spine entries. Together, our data show that dynamic microtubules preferentially target spines that are undergoing actin reorganization in an activity-regulated manner.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
All experiments were approved by the DEC (Dutch Experimental Review Committee), performed in line with institutional guidelines of the University Utrecht and were conducted in agreement with Dutch law (Wet op de Dierproeven, 1996) and European regulations (Guideline 86/609/EEC). Female pregnant Wistar rats were delivered from Janvier, aged at least 10 weeks at the time of delivery. Female pregnant C57BL/6 mice were delivered from Janvier, aged at least 15 weeks at the time of delivery. Upon delivery, animals were kept at SPF facilities in a controlled 12ch light-dark cycle with a temperature of 22 ± 1 C and given access to food pellets and water ad libitum. The animals were housed in small groups in transparent plexiglass cages with wood-chip bedding and paper tissue for nest building.
Primary neuron culture and viral transduction/transfection Hippocampal neuron cultures were prepared from embryonic day 18 rat brains [3] (Wistar, both genders). Cells were plated on coverslips coated with poly-L-lysine (37.5 mg/mL) and laminin (1.25 mg/mL) at a density of 100,000/well and cultured at 37 C in 5% CO 2 . Cultures were fed weekly by replacing 1/3 of the medium with fresh Neurobasal medium (NB) supplemented with 2% B27, 0.5 mM glutamine, and 1% penicillin/streptomycin. Experiments were performed with mature rat neuron cultures ranging from DIV 25-45, except for the analysis of spine entry frequencies in DIV18 neurons. Lentiviral infections were carried out 8-14 days before experiments. Inducible expression systems were triggered 2-4 days prior imaging by application of 500 ng/mL doxycycline. All infections with shRNA containing virus were carried out 8-9 days before experiments. Dendrites in knockdown experiments were routinely checked for clear mEBFP2 signals, confirming the infection with shRNA virus, before starting the actual experiments. Transfections were only applied for Video S4. Briefly, 0.9 mg GW2_Lifeact-GFP and 0.9 mg bactin_Cortactin-dsRed-exp vector were mixed with 3.3 mL Lipofectamine 2000 (Invitrogen) and incubated for 30 min. The mixture was added to coverslips placed in fresh NB and incubated for 45 min. Finally, neurons were washed in NB and translocated back into the original culture medium.
Primary tissue culture
Hippocampal organotypic interface slice cultures were generated from P5-6 mice pups (C57BL/6, both genders). Dissected hippocampi were cut in 350 mm sections and positioned on FHLC membrane patches (Millipore, FHLC01300) laying on Millicell culture inserts (Millipore, PICM0RG50). Viral infection was carried out within 2 hr after platting. Slices were fed every 2-3 days with culture medium containing 47.75% MEM, 25% HBSS, 25% horse serum, 1.25% 1M HEPES, 1% 3M D-glucose, pH 7.2 and osmolality of 310-320 mOsm. Detailed information about slice preparation and viral transduction has been published recently [36] . Experiments were made with slices kept for 2-4 weeks in culture. 
METHOD DETAILS
DNA plasmids and lentivirus Fluorescently tagged constructs were generated for subsequent subcloning in a bicistronic expression cassette. Membranetargeted TagRFP-T (mTagRFP, generated from N-terminal first 41 amino acids of MARCKS) and the microtubule plus-tip marker (MT+TIP) GFP-MACF18 have been described previously [36] . Tomato-MACF18 is identical to GFP-MAC18 except for the replacement of GFP by tandem dimer Tomato (also called MT+TIP). Lifeact-TagRFP-Myc was PCR generated by cloning the 17 amino acid (aa) Lifeact sequence [40] linked by a 7 aa linker (GDPPVAT) to the N terminus of TagRFP-T (Evrogen). The TagRFP-T stop codon was replaced by a 4 aa linker (SSGS) followed by the 10 aa Myc sequence. Lifeact-GCaMP6s was based on the pGP-CMV-GCaMP6s (addgene #40753) vector. The start codon within this construct was replaced by the Lifeact sequence by a PCR based strategy. The TagRFP-ER construct is composed of the 17 amino acid rat calreticulin signal sequence fused to the N-term of TagRFP-T and a C-terminally located ER retention signal (KDEL). GFP-EB3-DAc and GFP-EB3-rescue constructs are identical to our previous publication [4] . Membrane-targeted EBFP2-HA was generated with a cryptic splice site corrected version of EBFP2 containing a C-terminal HA-tag. Cortactin-dsRed [37] was made shRNA resistant by introducing silent mutations in the target sequence using a PCR based strategy (GCATTGCTCTCAGGTGGAT). Lifeact-GFP for super-resolution microscopy was generated using a bacteria codon optimized Lifeact fragment that was N-terminally inserted by PCR into a pET28a vector containing an EcoRI/XhoI flanked GFP or mNeonGreen sequence. The full vector was amplified with the LifeAct fragment and the template was digested with DPN1. The resulting construct was transformed into competent bacteria and sequenced.
Bicistronic expression constructs were generated based on the attenuated IRES site, derived from pIRES (Clonetech). This design allows high expression of the coding sequence upstream of the IRES site and relative low expression of the inserted downstream construct. The following plasmids were generated by conventional cloning strategies: mTagRFP_IRES_GFP-MACF18, mTagRFP_IRES_GFP-EB3-rescue, mTagRFP_IRES_GFP-EB3-DAc, Lifeact-TagRFP-Myc_IRES_GFP-MACF18, Lifeact-GCaMP6s_IRES_Tomato-MACF18, TagRFP-ER_IRES_GFP-MACF18, Cortactin-dsRed_IRES_GFP-MACF18. Equal expression of two constructs was achieved in the mEBFP2-HA_P2A_Myc-MyoVa-tail construct by using the 2A sequence of the porcine teschovirus-1 [41] .
Lentiviral transfer vectors are based on the pSIN-TRE-MCS-Synapsin-rtTA2 plasmid [36] . The bicistronic expression cassettes described above were subcloned in the multiple cloning site resulting in a TET-On inducible expression of the target proteins. Full sequence information of all constructs can be provided on request.
RNAi-induced knockdown of target genes by lentivirus was based on a modified pLVTHM (addgene #12247) transfer vector, named pLVTHPS-mEBFP2-HA_shRNA. The original EF-1a promotor and GFP sequences were replaced by a central polypurine tract/central termination sequence (cPPT/CTS), followed by a short 0.5kb Synapsin promoter and mEBFP2-HA. Individual shRNA sequences were subcloned from the original pSuper vectors via BamHI and ClaI sites. Following shRNA target sequences were used: scrambled GGTTTATATCGCGGTTATT, Cortactin GCACTGCTCACAAGTGGAC [24] , Drebrin GAGAACCAGAAAGTGATGTAC [27] , EB3 ACTATGATGGAAAGGATTAC [38] , MACF2 GCCGTGGTCAGAGTTGCTGAT, MARCKS CTGTACCAGTCAGTAATTA [25] , Myosin IIb GATCAAAGTTGGCCGAGAT [26] . Lentiviral particles were generated by transfecting the transfer plasmid together with the packaging plasmids p.MDG2 (addgene #12259) and psPAX2 (addgene #12260) in HEK293T cells. The supernatant was collected two days after transfection and concentrated using tangential flow filtration (Amicon Ultra spin filters, Millipore #UFC910024). Detailed information about the lentivirus production has been described elsewhere [36] .
LifeAct-GFP purification LifeAct-GFP-6xHis was purified using standard His-tag purification methods. E. coli BL21DE3 were induced at OD 0.6 for overnight expression at 20 degrees. After pelleting the cells were lysed through sonication in the presence of lysozyme and a protease inhibitor cocktail (Roche). The soluble fraction was filtered and bound to a His-Trap HP 1 mL column (GE healthcare). Elution was performed on an AKTAxpress (GE healthcare). After buffer exchange to PBS the pure protein sample was frozen in 10% glycerol.
Pharmacological treatments
The 1 st control imaging session in neuron cultures was performed in the original culture medium. Jasplakinolide (10 mM) or latrunculin B (1 mM) were diluted in 100 mL preconditioned culture medium, transferred into the recording chamber and incubated for 30 min before the 2 nd recording session was started. For Cortactin inhibition experiments, neurons were preincubated in either DMSO
(1:1000) for 30 min or 3 hr, CK-666 (100 mM) for 30 min, or PP2 (25 mM) for 3 hr. Next, neurons were transferred to the recording chamber and imaged in the presence of the drug. Imaging of microtubule entries in spines and actin dynamics was performed with following parameters. Neuron cultures were imaged in full conditioned medium at 37 C and 5% CO 2 with 5 s intervals and z stacks of 0.7 mm step sizes (4-7 depending on the z orientation of the dendrite). Slices were recorded with the same settings except for a continuous perfusion with ACSF (oxygenated with 95% O 2 , 5% CO 2 ).
For local NMDA applications, dissociated neurons were silenced with 1 mM TTX for 14-18 hr prior recording. MT+TIP comets were recorded for 4 min at 5 s intervals and mTagRFP only every 5 th frame in the original culture medium. Puff-applications of 10 mM NMDA through a patch pipette were applied for 2x 50 ms (with a 10 s break) using a Picospritzer III (Parker). The second imaging session was started 1 min after application with the same settings as in the first recording. Single photon glutamate uncaging of neuron cultures was performed in modified Tyrod's buffer composed of 119 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 10 mM HEPES, 10 mM glucose, 1 mM TTX; pH 7.25 and osmolarity of 0.265 mOsm. MNI-glutamate was added in 100 mL buffer to the darkened recording chamber on the microscope stage to a final concentration of 0.5 mM. Uncaging regions were defined as lines with about 2 mm in length and a distance of 1-1.5 mm to the spine head. The stimulation time-lapse recording contained several time points before and after the uncaging session, in which images were taken in 2 s intervals with 4 3 0.8 mm z stacks. The 355 nm uncaging pulse (0.5 Hz for 1 min) lasted for 3-4 ms and preceded the recording of mTagRFP/GCaMP6. The laser power was adjusted to activate around 30% of the imaged spines, except for the uncaging experiments in combination with Cortactin knockdown (Figures 4I and 4J) , where a slightly stronger activation stimulus was used. The subsequent imaging of MT+TIP and mTagRFP/GCaMP6 was recorded at 5 s intervals with the same stack size as before.
We want to point out that successive imaging of different neurons/dendrites on the same coverslip sometimes varied in the cellular response to the uncaging stimulus (based on mTagRFP/GCaMP6 readout). We believe that this most likely represent artifacts of the single-photon uncaging, as for instance light scattering by optical dense structures in the light path. For this reason, suspicious recordings with unusual mTagRFP/GCaMP6 dynamics were excluded from the quantification of microtubule dynamics. The intensity of the uncaging laser is sufficient to bleach mTagRFP signals within a few frames if the uncaging region is directly targeted on the spine head (data not shown). Since we never observed spine bleaching in our uncaging experiments, we conclude together with our control experiments in Figure 3C that the observed morphological changes of spines were not an artifact of light stress. The dependence on NMDA receptor activation was tested by uncaging glutamate in the presence of 150 mM DL-2-amino-5-phosphonopentanoic acid (APV).
Super resolution imaging
For dSTORM imaging of lentiviral infected neurons expressing Lifact-TagRFP-Myc, DIV18+ neurons were fixed with 4% PFA. After fixation cells were washed and permeabilized with 0.25% triton-X in PBS. After 3 washes the samples were blocked for 1 hr at RT in PBS with 2% BSA, 0.2% gelatin, 10mM glycin, 50mM NH 4 Cl; pH 7.4. Cells were incubated overnight at 4 C with a combination of two mouse anti-myc primary antibodies (Santa Cruz; 9E10 and Oncogene; AB-1 both diluted 1:400). After three more washes in PBS the cells were incubated with secondary anti-mouse Alexa647 for 1 hr at room temperature and washed 3 more times. Super resolution imaging was performed in buffer optimal for Alexa647 as described before [42, 43] .
To perform super resolution of actin by transient binding of diffusing Lifeact-GFP [33] or Lifeact-mNeonGreen, cells were first extracted in 0.35% triton-x and 0.15% glutaraldehyde in CB (10 mM MES, 150 mM NaCl, 5mM MgCl 2 , 5mM EGTA, 5mM Glucose; pH 6.1) for 1 min at 37 degrees. Cells were fixed in 4% PFA in CB at 37 C, washed 3 times and blocked in 3%
As control we analyzed all 540 spines of the 21 dendrites for comparable actin dynamics at the spine base. For each dendrite we choose the time point of a spine invasion and analyzed for 1 min in reverse.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data processing, statistical analysis and diagrams were done in Excel and Prism (GraphPad) software. The assumption of normality was tested with D'Agostino-Pearson omnibus normality test. All statistical details of experiments, including the definitions, exact values of n, and statistical tests performed, can be found in the corresponding figure legends. The experiments were independently repeated three or more times to ensure consistency and reproducibility. No specific strategy for randomization and/or stratification was employed. The studies were blind in data analysis. No samples were excluded from analysis if not stated explicitly in the corresponding analysis section.
